Background/Aims: To investigate the treatment efficacy and renal safety of long-term tenofovir disoproxil fumarate (TDF) therapy in chronic hepatitis B (CHB) patients with preserved renal function. Methods: The medical records of 919 CHB patients who were treated with TDF therapy were reviewed. All patients had preserved renal function with an estimated glomerular filtration rate (eGFR) of at least 60 mL/min/1.73 m 2 . Results: A total of 426 patients (184 treatment-naïve and 242 treatment-experienced) were included for analysis. A virologic response (VR) was defined as achieving an undetectable serum hepatitis B virus (HBV) DNA level, and the overall VR was 74.9%, 86.7%, and 89.4% at the 1, 2, and 3-year follow-ups, respectively. Achieving a VR was not influenced by previous treatment experience, TDF combination therapy, or antiviral resistance. In a multivariate analysis, being hepatitis B e antigen positive at baseline and having a serum HBV DNA level ≥2,000 IU/mL at 12 months were associated with lower VR rates during the long-term TDF therapy. The overall renal impairment was 2.9%, 1.8%, and 1.7% at the 1, 2, and 3-year follow-ups, respectively. With regard to renal safety, underlying diabetes mellitus (DM) and an initial eGFR of 60 to 89 mL/min/1.73 m 2 were significant independent predictors of renal impairment. Conclusions: TDF therapy appears to be an effective treatment option for CHB patients with a preserved GFR. However, patients with underlying DM and initial mild renal dysfunction (eGFR, 60 to 89 mL/min/1.73 m 2 ) have an increased risk of renal impairment. (Gut Liver 2019;13:93-103 ) 
INTRODUCTION
Hepatitis B virus (HBV) infection is a global health problem since it is a major cause of chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma (HCC). Despite recent advancements in antiviral therapy with nucleos(t)ide analogues (NA), it is still difficult to completely eliminate the covalently closed circular DNA of HBV. Therefore, the primary goal of the current NA therapy in chronic hepatitis B (CHB) patients is long-term suppression of HBV replication. 1 However, long-term NA therapy is associated with concerns of drug resistance and toxicity. 2, 3 Initially, the wide use of less potent NAs, which have a low genetic barrier to resistance, was associated with high risk of drug resistance. 4 Treatment with entecavir (ETV), despite its high genetic barrier, also reported increased risk of resistance. 5, 6 Furthermore, although oral NAs are generally well-tolerated by patients and safe to use, its long-term use can cause various adverse effects. 7, 8 Tenofovir disoproxil fumarate (TDF), a nucleotide analogue, was shown to be highly effective in achieving undetectable levels of serum HBV DNA and normal range of alanine aminotransferase (ALT) levels. 9, 10 Sustained viral suppression with TDF treatment over a 5-year period was associated with histological improvement in 87% of patients and 51% fibrosis regression.
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Treatment with TDF in CHB patients is well tolerated without any significant adverse events and showed high rates of viral suppression without the development of drug resistance in clinical trials. 12, 13 Furthermore, TDF monotherapy or TDF-based combination therapy was highly effective in achieving longterm viral suppression among patients with previous NA treatment failure. [14] [15] [16] [17] [18] Meanwhile, renal safety is one of the greatest concerns with respect to the long-term administration of TDF in CHB patients, and it is still debatable in clinical real-life data. [19] [20] [21] [22] [23] Recently, EASL guideline recommended that one of the risk factors of renal safety is an estimated glomerular filtration rate (eGFR) <60 mL/min/1.73 m 2 . However, the renal safety of long-term TDF therapy among patients with preserved GFR (eGFR ≥60 mL/ min/1.73 m 2 ) is unclear. In Korea, TDF is widely used for naïve CHB patients as well as for those with previous NA experience since it was approved for HBV treatment in 2012. Interestingly, in Korea, a large number of CHB patients with previous treatment experience has a history of long-term lamivudine/adefovir (LAM-ADV) treatment owing to the domestic insurance policy. Moreover, before approval of TDF therapy, substantial patients treated with ADV resistance were rescued with ETV, but treatment efficacy of ETV was not sufficient. Although Korea is a unique area because treatment-experienced patients are prevalent as compared with other countries, there has been no published real-world data on this issue in Korea until now. In this study, we aimed to investigate the treatment efficacy and safety of long-term TDF therapy for a 3-year period in CHB patients with preserved GFR. We also analyzed the factors associated with virologic response and renal safety during long-term TDF therapy.
MATERIALS AND METHODS

Study patients
In this cohort study, we reviewed the medical records of 919 CHB patients who were treated with TDF 300 mg daily between August 2012 to December 2016 at Chonbuk National University Hospital (Jeonju, Republic of Korea). The inclusion criteria were: age >18 years, hepatitis B surface antigen (HBsAg) positivity without hepatitis C virus (HCV), HCV, or human immunodeficiency virus co-infection, for more than 6 months, and a minimum follow-up duration of 12 months. We included both treatment-naïve and treatment-experienced patients receiving either TDF monotherapy or TDF combination therapy, that is, TDF in combination with a second NA. Patients with the following conditions at the time of initiation of TDF therapy were excluded: undetectable serum HBV DNA (<20 IU/mL), serum phosphate level <2.0 mg/dL, renal impairment, that is, eGFR <60 mL/min/1.73 m 2 , pregnancy, HCC or alpha-fetoprotein (AFP) level >100 ng/mL, and other malignancy. Finally, the remaining 426 patients (184 treatment-naïve and 242 treatmentexperienced) were enrolled for analysis in this study (Fig. 1) . This study was conducted in compliance with the World Medical Association Declaration of Helsinki and was approved by the Institutional Review Board of Chonbuk National University Hospital (IRB No. 2015-10-020-002). The written informed consents were obtained.
Laboratory assays and routine follow up examinations
Serum HBV DNA was quantified by real-time polymerase chain reaction assay using the COBAS Taq-Man HBV quantitative test (Roche Molecular Systems Inc., Branchburg, NJ, USA), which had a lower limit of quantification (20 IU/ mL). HBV DNA levels were logarithmically transformed for analysis. The presence of HBV DNA polymerase gene mutations conferring resistance to LAM (rtM204V/I/S, rtL180M), ADV (rtA181T/V, rtN236T), and ETV (rtL180M+rtM204V/ I±rtI169T±rtV173L±rtM250V/I/L/M±rtT184S/A/I/L/G/C/ M±rtS202I/G) was assessed via Restriction Fragment Mass Polymorphism (RFMP) assay. Serum ALT was measured with an enzymatic assay. Serum HBsAg, antibodies to HBsAg, hepatitis B e antigen (HBeAg), and antibodies to HBeAg (anti-HBe) were detected by electrochemiluminescence immunoassay (Roche Diagnostics, Mannheim, Germany). Routine biochemical tests, in- cluding serum ALT, creatinine, and phosphorus were performed using a sequential multiple auto-analyzer. During the treatment period, patients were routinely followed up every 1 to 3 months. Serum HBV DNA, ALT, creatinine, eGFR, and phosphorus were assessed routinely every 3 months. HBeAg/anti-HBe and serum AFP level were routinely tested every 6 months. Measurement of eGFR was assessed using the CKD-EPI creatinine Equation. 24 Ultrasonography or abdominal computed tomography (CT) was performed for HCC surveillance every 6 months.
Definitions
Virologic response was defined as achieving undetectable serum HBV DNA level (<20 IU/mL) during the treatment period. Virologic breakthrough was defined as an increase in the serum HBV DNA level of more than 1 log 10 IU/mL from nadir during treatment. HBeAg seroconversion was defined for HBeAgpositive patients as HBeAg loss and seroconversion to anti-HBe during treatment. Normalization of ALT was defined as <40 IU/L. Multidrug resistance (MDR) was defined as a resistance to two or more groups of antiviral drugs; that is, L-nucleoside (LAM, LdT, clevudine), cyclopentane (ETV), or nucleotide analogue (ADV and TDF). Liver cirrhosis was diagnosed by the identification of liver surface nodularity with splenomegaly based on the imaging studies or if clinical findings were suggestive of cirrhotic conditions, such as splenomegaly, thrombocytopenia, varices, and ascites. HCC was diagnosed based on the guidelines proposed by the Korean Liver Cancer Study Group-National Cancer Center. 25 Renal impairment was defined as elevation of serum creatinine 0.3 mg/dL above the baseline level or a decrease of eGFR <60 mL/min/1.73 m
2
. Hypophosphatemia was defined as serum phosphorus of less than 2.0 mg/dL.
Statistical analysis
Data are presented as mean±standard deviation or numbers (percentage). We compared continuous or categorical variables between the groups using t-test, chi-square test, or Fisher exact test. Factors associated with virologic response and renal impairment were analyzed by Cox proportional hazard analysis. Cumulative rates of virologic response were evaluated by Kaplan-Meier method and compared using log-rank tests. The results were analyzed using statistical software package SPSS 18.0 (SPSS Inc., Chicago, IL, USA). All tests of significance were two-tailed; p-values <0.05 were considered statistically significant.
RESULTS
Baseline characteristics of study patients
The baseline characteristics of 426 CHB patients with comparison between treatment-naïve versus treatment-experienced patients are summarized in Table 1 . The mean age of all participants was 48.4 years; 283 (66.4%) were male, 134 (31.5%) had liver cirrhosis, 287 (68.0%) were HBeAg positive. The mean serum HBV DNA level was 4.8 log 10 IU/mL. The median duration of TDF based therapy was 28.4 months (range, 12 to 36 months). The cohort included 184 treatment-naïve patients and 242 treatment-experienced patients. Patients in both groups were similar in body mass index, alcohol intake, and frequency of diabetes mellitus (DM). However, treatment-experienced patients were generally older, higher frequency of males, lower rate of cirrhosis, and had significantly lower serum ALT and HBV DNA levels compared with the treatment-naïve patients ( Table 1) . HBeAg positive patients were more common in the treatment-experienced group. For those in the treatment-naïve group, all were treated with TDF monotherapy; whereas those in the treatment-experienced group, 167 (69.0%) were treated with TDF monotherapy, and the remaining 75 patients (31.0%) were treated with TDF combined with another NA therapy. In the treatment-experienced group, the types of previous genotypic resistance included LAM-resistance (R) in 143 (91.7%), ADV-R in 25 (16.0%), ETV-R in 30 (19.2%), and MDR in 43 (17.8%).
Treatment outcomes of long-term TDF therapy
The treatment outcomes of TDF therapy are summarized in Table 2 . The overall virologic responses were 74.9%, 86.7%, and 89.4% at 1-year, 2-year, and 3-year follow-ups, respectively. It was not significantly different between treatmentnaïve and treatment-experienced patients. The overall rates of HBeAg seroconversion/loss were 9.5%, 13.7%, 13.9% at 1-year, 2-year, and 3-year follow-ups, respectively. It was higher in the treatment-naïve group than in the treatment-experienced group at 1-year (17.2% vs 5.2%, p=0.002) and 2-year follow-up (27.0% vs 7.2%, p<0.001). The overall rates of serum ALT normalization were 81.4%, 84.8%, and 85.2% at 1-year, 2-year, and 3-year follow-ups, respectively. It was higher in the treatmentnaïve group compared with the treatment-experienced group at 2-year follow-up (91.0% vs 81.0%, p=0.018). However, it was not significantly different at 1-year and 3-year follow-ups. HBsAg seroconversion occurred in one patient at 1-year and one patient at 2-year follow-ups, respectively. Viral breakthrough occurred in three patients (0.7%) at the 1-year mark, in four patients (1.2%) at the 2-year mark, and in three patients (1.3%) at the 3-year mark. All of them showed poor medication compliance and viral breakthrough resolved after retreatment of TDF. None of them exhibited any resistant or novel mutation to TDF. The overall rates of HCC development were 1.2%, 1.5%, 1.7% at 1-year, 2-year, and 3-year follow-ups, respectively.
Factors associated with virologic response
In the univariate analysis, age >60 years, male sex, body mass index, alcohol intake, presence of DM or cirrhosis, previous treatment experience, ADV-R, MDR, TDF combination therapy, platelet count, and serum ALT level did not influence the achievement of virologic response. Conversely, HBeAg posi-tivity, serum HBV DNA level at baseline, serum HBV DNA level ≥8 log 10 IU/mL at baseline, and serum HBV DNA level ≥2,000 IU/mL at 12 months were significantly associated with virologic response during long-term TDF therapy (Table 3 ). In the multivariate analysis, HBeAg-positive (hazard ratio [HR], 0.727; 95% CI, 0.58 to 0.91; p=0.006) and serum HBV DNA level ≥2,000 IU/mL at 12 months (HR, 0.271; 95% CI, 0.13 to 0.58; p=0.001) were significant independent factors associated with lower rate of virologic response ( Table 3) .
The overall cumulative rates of virologic response are shown in Fig. 2 . The cumulative rates of virologic response in accordance with the subgroups are shown in Fig. 3 . The cumulative rates of virologic response was not significantly different between the subgroups, such as treatment-naïve versus treatment experienced, TDF monotherapy versus TDF combination therapy, no resistance versus LAM/CLV/LdT-R versus ADV-R versus ETV-R versus MDR patients (Fig. 3A, B, D) . However, those who were HBeAg-positive at baseline, HBV DNA ≥8 log10U/mL at baseline, and serum HBV DNA level ≥2,000 IU/mL at 12 months showed significantly lower rates of virologic response during long-term TDF therapy (Fig. 3C, E, F ).
Renal safety during long-term TDF therapy
Renal safety profiles during the long-term TDF therapy are summarized in Table 4 . The mean serum creatinine level and eGFR were not significantly altered during the follow-up period. Among the total study population, the incidence of renal impairment was seen in 12 out of 411 (2.9%) at 1-year, six out of 342 (1.8%) at 2-year, and four out of 229 (1.7%) at 3-year followup time points. It was not significantly different between the treatment-naïve and treatment-experienced group (3.4% vs 2.6% at 1-year, 1.5% vs 1.9% at 2-year, and 1.3% vs 2.0% at 3-year follow-ups, respectively). There were two patients at 1-year and one patient at 3-year of follow-up who modified their TDF dose due to reduced GFR and all of them were resolved without treatment interruption. Although four patients recovered their renal functions during follow-up periods, the others maintained gradually decreased renal function. In addition, patients with renal impairment showed rapid decline of GFR as -34.2±11.7, -28.2±12.5, and -38.4±7.1 mL/min/1.73 m 2 at 1-year, 2-year, Data are presented as mean±SD, number (%), or median (range). BMI, body mass index; DM, diabetes mellitus; ALT, alanine aminotransferase; eGFR, estimated glomerular filtration rate; HBeAg, hepatitis B e antigen; HBV, hepatitis B virus; TDF, tenofovir disoproxil fumarate; NAs, nucleos(t)ide analogues; LAM-R, lamivudine resistance; ADV-R, adefovirresistance; ETV-R, entecavir-resistance; MDR, multidrug resistance. *TDF combined with other NAs; † LAM-R mutations include rtM204V/I±rtL180M, ADV-R mutations include rtA181T/V and rtN236T/V, and ETV-R mutations include rtT184, rtI169, and rtS202. and 3-year follow-ups, respectively. During the 3 years of follow-up, two patients were expired. One patient who had been maintained TDF monotherapy advanced to the hepatorenal syndrome. The other patient was not a renal impairment-related death which was variceal bleeding case underlying HCC. The incidence of hypophosphatemia (<2.0 mg/dL) was 0 out of 359 (0.0%) at 1-year, three out of 294 (1.0%) at 2-year, and one out of 191 (0.5%) at 3-year follow-ups. 
Factors associated with renal impairment
In the univariate analysis, age >60 years, DM, and eGFR 60 to 89 mL/min/1.73 m 2 were significantly associated with renal impairment during long-term TDF therapy ( (Table 5) . The overall cumulative rates of renal impairment are shown in Fig. 2 . The cumulative rates of renal impairment in accordance with the subgroups are shown in Fig. 4 . Patients who had underlying DM and represented initial mildly decreased renal function (eGFR 60 to 89 mL/min/1.73 m 2 ) showed significantly higher rates of renal impairment during long-term TDF therapy.
DISCUSSION
Antiviral therapy for CHB is the most widely used strategy for improving survival by preventing progression to cirrhosis and HCC. Because HBsAg seroconversion rate is very low, long-term use of antiviral agents is necessary for sustained viral suppression. Although TDF showed a high antiviral efficacy in a longterm registration trial, treatment strategy and efficacy may be influenced by various factors of individual in the real world. 26, 27 Therefore, real-life data reflecting the heterogeneity of patients treated with antiviral therapy depending on the various conditions, and factors associated with virological response and adverse events, are needed to be elucidated.
In this study, TDF based therapy was highly effective for CHB patients for up to 3 years. In the multivariate analysis, HBeAgpositive and serum HBV DNA level ≥2,000 IU/mL at 12 months were independent factors associated with lower virologic response. However, the treatment outcomes were not significantly affected by treatment experience, TDF combination therapy, and previous antiviral resistance. This study included CHB patients with preserved renal function (eGFR ≥60 mL/min/1.73 m 2 ) at baseline and the incidence of renal impairment was quite low. The presence of DM and eGFR 60 to 89 mL/min/1.73 m 2 were independent factors associated with renal impairment. Prior antiviral treatment experience is one of the important factors affecting drug efficacy because experienced individuals may likely have developed drug resistance, genetic mutation, or virologic non-response. Before the emergence of TDF, many kinds of antiviral drugs, including ETV, have relatively high frequency of drug resistance, although they may be used in combination. Some previous studies demonstrated that previous ADV-experienced patients have inferior efficacy of TDF compared with NA-naïve patients. 28 Some reported TDF monotherapy showed superior efficacy compared with LMV plus ADV or ETV plus ADV in LAM-R CHB patients. 29, 30 As a combination strategy, regarding previous reports, the efficacy of TDF mono-and combination treatments was similar, 31 and TDF-ETV combination therapy revealed a high rate of achieving virologic suppression regardless of prior treatment experience without resistance. 32 Regarding our data, both treatment-naïve and treatmentexperienced groups showed a high frequency of virologic response, ALT normalization, and low virologic breakthrough without statistically significant difference in comparison of these two groups. The difference among them was observed with respect to HBeAg loss/seroconversion at 1-year and 2-year follow-up time points. Prior exposure to antiviral therapy, as well as the development of resistance may influence the results. When we review the data, there were only one patient in the treatment-experienced group who showed HBeAg seroconversion among the 31 patients with multi-drug resistance. In the current study, viral breakthrough occurred in 10 patients during the follow-up duration. We review the data of individuals and found that all of them showed non-compliance with antiviral drugs and viral breakthrough resolved after retreatment of TDF. Similarly, in other studies, viral breakthroughs occurred infrequently and were associated with non-compliance with antiviral drugs. [33] [34] [35] In our study, none of them exhibited any resistance or novel mutation to TDF. In Korea, LMV-ADV therapy was a treatment option for pa- tients with LMV-R. Given the similarity between TDF and ADV, there was a concern about the resistance and inferior treatment response of TDF in ADV-experienced CHB patients, especially who had ADV-R mutations. 16 In the present study, when we reviewed the virologic response only in ADV-experienced patients (n=91), virologic response was 80.2%, 89.3%, and 93.8% at 1-year, 2-year, and 3-year follow-ups, respectively. The result was similar or slightly higher compared with the overall treatment experienced patients. Our data suggest that the use of TDF is highly effective regardless of previous ADV exposure. Sustained virologic response is one of the most important parameters that reflect the treatment response and is crucial to the prevention of the progression of CHB to cirrhosis, HCC, and liver complication-related deaths. As aforementioned, prior antiviral treatment experience, drug combination therapy, and drug resistance may influence the virologic response. However, cumulative virologic response was not affected with respect to such factors in comparison in this study. Our data suggests that baseline HBeAg positive and HBV DNA levels at 12 months can predict the efficacy of long-term TDF treatment. In previous clinical trials of long-term TDF therapy, participants were separated with regard to HBeAg positivity and, although longterm cumulative virologic response was similar between the two groups, the virologic response rate in early stages was relatively lower in HBeAg-positive patients. 27 In one previous study, more than 70% of the study cohort with antiviral resistance showed HBeAg positivity. 36 Regarding the relationship between HBV DNA level and virologic response, several previous studies reported that the baseline serum HBV DNA level in CHB patients who were resistant to antiviral therapy significantly influenced the achievement of virologic response when receiving TDF mono-rescue therapy. 36 Lo et al. 37 reported that patients with HBV DNA <20,000 IU/mL had higher virologic response than those with HBV DNA ≥ 20,000 IU/mL. Renal safety is one of the greatest concerns with respect to the long-term administration of TDF in CHB patients. Because TDF is eliminated through urine by the kidneys, decreased renal function may interfere with the treatment response, resulting in a worsening of renal function. 38 There are some reports of Fanconi syndrome mainly in the case of long-term use. AASLD suggests no particular preference between ETV and TDF regarding the potential long-term risks of renal and bone complications. 39 According to the 2017 EASL guidelines, one of the risk factors of renal safety is eGFR <60 mL/min/1.73 m 2
. Careful use of TDF should be considered when patients possess other risk factors of renal dysfunction. The EASL guidelines also recommend the use of tenofovir alafenamide fumarate (TAF) as a switching therapy. 4 Dose of TDF should be adjusted in accordance with renal function and the dose adjustments are required in case of eGFR <50 mL/min/1.73 m 2 . When initiating TDF, risk assessment for renal dysfunction is recommended with close monitoring of renal function annually.
In the present study, TDF monotherapy or TDF-based combination therapy was shown to be relatively well tolerated. No serious adverse events were noted, and no discontinuation of the drug occurred due to nephrotoxicity. Some previous studies reported that older age, pre-existing renal insufficiency, prior long-term use of ADV, hypertension, and DM are associated with renal dysfunction. [40] [41] [42] Although such parameters were not statistically significant for predicting renal impairment in this study, we suggest the importance of close monitoring of GFR and tubular function, especially in patients with mildly decreased GFR (eGFR 60 to 89 mL/min/1.73 m 2 ) as well as DM patients. On the other hand, TAF could represent a new therapeutic option for patients with high risk of renal dysfunction, including those with DM and initial eGFR of less than 90 mL/ min/1.73 m 2 . 43, 44 There are several limitations to consider. First, this study was single-center cohort study and several factors relevant to the baseline characteristics were different between the treatmentnaïve and treatment experienced groups due to the retrospective nature of this study. Second, the follow-up duration of individuals was affected by the time of TDF initiation. Except those with follow-up loss, many of the enrolled patients who initiated the drug in the late period have censored data due to expiration of the observation period. Moreover, the distribution of time period patients enrolled may differ between the two groups regarding reimbursement policy. Third, our data did not consider the urinalysis results of patients, such as proteinuria or albuminuria, as an indicator of renal function. Underlying hypertension and osteopenia with bone mineral density before and after treatment were also not assessed. Finally, our strict inclusion criteria may have influenced the results. Although this study has these limitations, our data is promising because it is obtained from a real-life experience and supports the previous results of clinical trials.
In conclusion, TDF therapy for CHB patients is a strongly effective treatment option for achieving virologic response regardless of previous treatment experience, TDF combination therapy, and antiviral resistance. HBeAg-positive at baseline and serum HBV DNA level ≥2,000 IU/mL at 12 months were independent factors associated with virologic response. The incidence of renal impairment during long-term TDF therapy was relatively low among CHB patients with preserved GFR at baseline. However, the presence of DM and initial mildly decreased GFR (eGFR 60 to 89 mL/min/1.73 m 2 ) may increase the risk of renal toxicity.
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